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Hoshi, Eiji, Hiromasa Sawamura, and Jun Tanji. Neurons in the rostral cingulate motor area monitor multiple phases of visuomotor behavior with modest parametric selectivity. J Neurophysiol 94: 640 -656, 2005 . First published February 9, 2005 doi:10.1152 /jn.01201.2004 . We examined the cellular activity in the rostral cingulate motor area (CMAr) with respect to multiple behavioral factors that ranged from the retrieval and processing of associative visual signals to the planning and execution of instructed actions. We analyzed the neuronal activity in monkeys while they performed a behavioral task in which 2 visual instruction cues were given successively with an intervening delay. One cue instructed the location of the target to be reached; the other cue instructed which arm was to be used. After a second delay, the monkey received a motor-set cue to be prepared to initiate the motor task in accordance with instructions. Finally, after a GO signal, the monkey reached for the instructed target with the instructed arm. We found that the activity of neurons in the CMAr changed profoundly throughout the behavioral task, which suggested that the CMAr participated in each of the behavioral processing steps. However, the neuronal activity was only modestly selective for the spatial location of the visual signal. We also found that selectivity for the instructional information delivered with the signals (target location and arm use) was modest. Furthermore, during the motor-set and movement periods, few CMAr neurons exhibited selectivity for such motor parameters as the location of the target or the arm to be used. The abundance and robustness of the neuronal activity within the CMAr that reflected each step of the behavioral task and the modest selectivity of the same cells for sensorimotor parameters are strikingly different from the preponderance of selectivity that we have observed in other frontal areas. Based on these results, we propose that the CMAr participates in monitoring individual behavioral events to keep track of the progress of required behavioral tasks. On the other hand, CMAr activity during motor planning may reflect the emergence of a general intention for action.
I N T R O D U C T I O N
Cingulate motor areas (CMAs) have been defined in the banks of the cingulate sulcus in the medial wall of the cortical hemispheres of primates (Dum and Strick 1991; Kaada et al. 1949; Luppino et al. 1991; Matelli et al. 1991; Picard and Strick 1996; Smith 1945; Vogt and Gabriel 1993; Ward 1948) . In subhuman primates, each CMA has been subdivided further into a rostral (CMAr) and a caudal portion (CMAc), which includes the dorsal (CMAd) and ventral (CMAv) subregions (Dum and Strick 1993; He et al. 1995) . In this report, we deal with the properties of neurons within the CMAr.
The CMAr has anatomical connections with structures that control arm movements, such as the primary motor cortex (Dum and Strick 1991; Leichnetz 1986; Morecraft and Van Hoesen 1992; Muakkassa and Strick 1979; Shima et al. 1991; Tokuno and Tanji 1993) and the cervical segments of the spinal cord (He et al. 1995; Hutchins et al. 1988) , which is consistent with a role in controlling arm movements. In addition, the CMAr is connected to premotor areas (Barbas and Pandya 1987; Hatanaka et al. 2003; Luppino et al. 2003; Pandya et al. 1981) , including the supplementary and presupplementary motor areas (SMA and pre-SMA, respectively; Luppino et al. 1993; Wang et al. 2001) . Further, the CMAr receive inputs directly or indirectly from the orbital and dorsolateral prefrontal cortex (Bates and Goldman-Rakic 1993; Lu et al. 1994; Morecraft and Van Hoesen 1993; Pandya 1999, 2002; Takada et al. 2004; Van Hoesen et al. 1993) ; this raises the possibility that the CMAr also participates in the planning of motor behavior and in the cognitive aspects of motor control. The CMAr receives direct or indirect inputs by the cingulate gyrus (areas 23 and 24) from a variety of sensory association and limbic areas, including the amygdala, parahippocampal gyrus, parietal association cortex, temporal pole, insular cortex, and claustrum (Amaral and Price 1984; Baleydier and Mauguiere 1980; Barbas et al. 1999; Morecraft and Van Hoesen 1998; Morecraft et al. 2004; Ongur and Price 2000; Selemon and Goldman-Rakic 1988; Van Hoesen et al. 1993; Vogt and Pandya 1987; Vogt et al. 1987) ; these connections implicate the CMAr in the processing of perceptual and limbic information. Collectively, the anatomical connectivity of the CMAr suggests that this area collects a wide range of limbic, cognitive, emotional, and memory-contingent information and converts this information into motor information that is used to plan and execute voluntary actions (Paus 2001) .
Despite the wealth of anatomical studies, few studies have been carried out to characterize the neuronal activity within the CMAr during the performance of motor behavior. Shima et al. (1991) were the first to report that CMAr neurons were active before the initiation of either visually triggered or self-initiated arm movements. Akkal et al. (2002) reported recently that CMAr neurons were active primarily during the preparation and execution of a 2-sequence reaching movement. Isomura et al. (2003) identified CMAr neurons that were active selectively for either a GO or NO-GO response or that selectively anticipated either a color or spatial cue. Shima and Tanji (1998) studied CMAr activity while monkeys performed a reward-based selection task in which information for motor selection was limited to changes in the amount of the reward. They identified 4 types of CMAr neurons that were active in such a manner as to suggest that these cells linked the occurrence of reward reduction and the selection of an alternative movement. That report revealed an aspect of neuronal activity that was consistent with a role for the CMAr in selecting forthcoming actions based on information about a reward (cf. Procyk et al. 2000) . This raises the question: What are the other aspects of the participation of the CMAr in the cognitive control of motor behavior when behavior requires the transformation of sensorimotor information for the selection and initiation of an action?
In a series of reports, we described the properties of the neuronal activity within prefrontal cortex and medial and lateral premotor areas while monkeys performed a behavioral task that required the detection of 2 visual cues, the retrieval of relevant information from the cues, and the integration of the 2 sets of information before an action was planned. We showed that neurons in the dorsal and ventral premotor cortex (Hoshi and Tanji 2000 , 2004c , the dorsal and ventral parts of the dorsolateral prefrontal cortex (Hoshi and Tanji 2004a) , and the SMA and pre-SMA (Hoshi and Tanji 2004b) were involved specifically in the detection of instruction cues, the retrieval of information about components of required actions, the integration of 2 sets of information, and the preparation and execution of actions. Considering the anatomical connectivity of these frontal cortical areas to the CMAr, it was of great interest to examine the neuronal activity within the CMAr of the same subjects performing the same task. We found that the properties of CMAr neurons differed from those of neurons in other areas of the cortex with respect to multiple aspects of behavior. A preliminary account of this study appeared in abstract form (Hoshi et al. 2003) .
M E T H O D S

Animals and apparatus
We studied 2 male monkeys (Macaca fuscata, 8 kg) that were cared for in accordance with National Institutes of Health guidelines and the Guidelines for Animal Care and Use published by our institute. The 2 monkeys had been used in our previous studies (Hoshi and Tanji 2000 , 2004a . During the experimental sessions, each monkey sat in a chair, and its head was restrained. We installed 2 touch pads (17 cm apart) in front of the chair, and a color monitor equipped with a touch-sensitive screen was placed in front of the monkey (30 cm from its eyes). Eye positions were monitored with an infrared eyecamera system (R-21C-AS, RMS, Hirosaki, Japan). Neuronal activity was recorded with glass-insulated Elgiloy-alloy microelectrodes (1-2 M⍀ at 333 Hz), which were inserted through the dura mater using a hydraulic microdrive (MO-81, Narishige, Tokyo, Japan). Single-unit potentials were amplified with a multichannel processor and were sorted using a multispike detector (MCP plus 8, MSD; Alpha Omega Engineering, Nazareth, Israel). Electromyographic (EMG) activity was recorded with silver wire electrodes. We monitored the following muscles bilaterally during task performance: the biceps and triceps brachii, deltoid (anterior, lateral, and posterior heads), trapezius, flexor and extensor carpi radialis, supraspinatus, infraspinatus, pectoralis major, rhomboid, and neck and paravertebral muscles. The EMG activity was amplified and digitized with an A/D converter and the digital values were stored in a laboratory computer. The TEMPO/Win system (Reflective Computing, St. Louis, MO) controlled the behavioral task and saved data for off-line analysis.
Behavioral task
The monkeys were trained to perform a target-reach movement by following 2 sets of instructions: one instruction indicated the target location and the other indicated the arm to be used in reaching for the target (Fig. 1A) . After an intertrial interval of Ն3 s, the task commenced when the monkey placed a hand on each touch pad and gazed at a fixation point (FP; 1.2°in diameter) that appeared at the center of the touch-sensitive screen. If fixation was maintained for 1,200 ms, the monkey was given the first instruction (the first cue; 400-ms duration), which contained information about either the target location or which arm to use. A small, colored cue that was superimposed on FIG. 1. Behavioral task and recording sites. A: temporal sequence of behavioral events. Top row: trial in which 2 instructions were given, i.e., which arm to use ("arm") and which target to be reached ("target"), in that order. Bottom row: trial in which the 2 instructions were given in the reverse order. B: top view of the surface of the right frontal cortex. Gray box indicates an area within which the rostral cingulate motor area (CMAr) was projected. Double arrowhead with a dotted line indicates the most rostral extent of the corpus callosum. Single arrowhead with a solid line represents the border between the supplementary and presupplementary motor areas (SMA and pre-SMA, respectively). C: coronal section through the CMAr along the dotted line labeled "C" in B. Gray area represent the extent of the CMAr. AS, arcuate sulcus; CeS, central sulcus; CiS, cingulate sulcus. Scale bars in B and C ϭ 5 mm. D: distribution of task-related neurons and intracortical microstimulation (ICMS) effects in the CMAr of Monkey 2. Individual electrode tracks were reconstructed from the coronal sections. Sites where task-related neurons were found or where ICMS evoked forelimb movement were projected to a cortical map unfolded along the line passing through the middle of the gray matter (the white line in C). Letters, a, b, and c, on the unfolded map, correspond to those in the coronal section in C. Size of the filled circle indicates the number of task-related neurons at each site. Black horizontal bars indicate the recording point where no task-related neurons were found. Gray horizontal bar indicates the site where ICMS evoked forelimb movements. Double arrowhead indicates the most rostral extent of the corpus callosum. Arrowhead represents the border between the SMA and pre-SMA. Scale bar ϭ 1 mm. the central FP indicated the type of instruction, i.e., whether the instruction was related to the target location or arm use. For Monkey 1, a green circle or red square indicated the instruction for arm use, whereas a blue circle or red cross indicated the instruction for target location. For Monkey 2, a green square and blue cross indicated the instruction for arm use and target location, respectively. A white square (8 ϫ 8°) that appeared to the left or right of the FP and appeared at the same time as the colored cue indicated the laterality of arm use (for the arm use-related instruction) or target location (for the target-related instruction). If fixation was maintained for 1,200 ms during the subsequent delay period (first delay), the second instruction (the second cue; 400 ms) was given to complete the information for the subsequent action. Thereafter, if fixation was maintained for 1,200 ms during the second delay, squares appeared on each side of the FP (set cue; Ն1,000 ms), which instructed the monkey to prepare to reach for the target when the FP disappeared (the GO signal). If the monkey subsequently reached for the target with a reaction time of Ͻ1 s, it was rewarded with fruit juice 600 ms after touching the screen. Before the GO signal appeared, Monkey 1 was required to fixate on the FP for 800 -1,200 ms. The order of appearance of the target and arm instructions was alternated in a block of 20 trials, and laterality was randomized within each block. A series of five 250-Hz tones after a reward signaled reversal of the order of instructions.
Surgery, neuronal recording, and histology
After completing the behavioral training, an acrylic recording chamber and head-fixation screws were implanted on the skull under aseptic conditions. Anesthesia was induced with ketamine hydrochloride [8 mg/kg, administered intramuscularly (im)] plus atropine sulfate, followed by pentobarbital sodium (30 mg/kg im). Antibiotics and analgesics were used to prevent postsurgical infection and pain. Initially, skull openings were made to enable recordings from the prefrontal, premotor, and primary motor cortex in the left hemisphere. After 1 yr of recording period, we performed the second operation (under the same aseptic conditions and anesthesia) to make another skull opening over the medial part of the right cranium, for recording from medial motor areas (i.e., the right SMA, pre-SMA, and CMAr). At this stage, we performed simultaneous recordings from these 2 separate chambers in the left and right hemispheres, using 2 microelectrodes inserted independently into the cortex with separate microdrives. After collecting the neuronal data, the monkeys were deeply anesthetized with pentobarbital and perfused through the heart with saline, followed by a fixative of 4% formaldehyde with 10%, then 20% of sucrose. After marking the locations of the recording chamber at known electrode coordinates, the brains were removed from the skull. Then it was sectioned at 50-m intervals in the frontal plane on a freezing microtome. Sections were Nissl-stained for histological reconstruction of the neuronal recording sites using electrode traces and iron depositions made by passing a positive DC current through the tip of the microelectrode.
Data analysis
DEFINITION OF TASK-RELATED NEURONS AND 10 TASK PERIODS. We sampled all neurons for which activity was recorded during at least 4 blocks of trials (i.e., 80 trials). To define neuronal activity as taskrelated, we initially divided the behavioral task into the following 6 phases: 1) Control: 200 -700 ms after attaining fixation; 2) prefirst cue: the 500-ms period before the first cue appeared; 3) first cue and delay: from 100 ms after the first cue onset until the onset of the second cue; 4) second cue and delay: from 100 ms after onset of the second cue until onset of the set-cue phase; 5) set cue: from onset of the set cue until the GO signal appeared; and 6) movement: the 500-ms period around the time at which movement started. We classified a neuron as "task-related" if the distribution of the discharge rate (spikes/s) was significantly different in at least one of 8 trial types (ANOVA, P Ͻ 0.05, repeated over 8 types of trials with 8 sequences of the presentation of the first and second cue). For the statistical analysis and display, data for the 5 task events were aligned separately to the onsets of the first and second cues, the set cue, the GO signal, and the time at which the screen was touched. These data were analyzed separately before being merged at the midpoint of the first and second delays and at the set-cue phase (i.e., 600 ms after cue offset and 600 ms before the onset of the second cue or the set-cue phase, and 600 ms after the set-cue onset and 600 ms before the GO signal).
Subsequently, to analyze the statistics of the properties of neuronal activity, we divided the entire task into one control period (200 -700 ms after attaining fixation) and 10 task periods, which were defined as follows. 1) Precue: 500-ms period before the onset of the first cue; 2) first cue: 100 -500 ms after the onset of the first cue; 3) early first delay: 500 -1,000 ms after the onset of the first cue; 4) late first delay: last 500 ms before the onset of the second cue; 5) second cue: 100 -500 ms after the onset of the second cue; 6) early second delay: 500 -1,000 ms after the onset of the second cue; 7) late second delay: last 500 ms before the onset of the set cue; 8) early set cue: 500-ms period after the onset of the set cue; 9) late set cue: 500 ms before the GO signal appeared; and 10) movement: 500-ms period before the screen was touched. STATISTICAL ANALYSIS USING INTERSPIKE INTERVALS. To analyze neuronal activity at a high temporal resolution, we first calculated the instantaneous firing rate as the inverse of the interspike interval (inverse-ISI; 1-ms resolution). As the rate of neuronal discharge tended to follow a Poisson distribution, the inverse-ISI data were square root-transformed to stabilize the variance (Zar 1999) .
To estimate whether neuronal activity reflected information contained in the first and/or second cue, we used a one-way ANOVA. We examined how well each of the following equations accounted for neuronal activity Firing rate index ϭ ␤ 0 ϩ ␤a ϫ ͑first cue͒ (1)
Firing rate index ϭ ␤ 0 ϩ ␤b ϫ ͑second cue͒
Firing rate index ϭ ␤ 0 ϩ ␤c ϫ ͑combination of first and second cue͒ (3) In Eqs. 1-3, the firing rate index is for inverse-ISI data that were sampled every 10 ms; ␤ 0 is the intercept; and ␤a, ␤b, and ␤c are coefficients. The categorical factors for the first and second cue are the 4 instructions provided in the cues (right arm, right target, left arm, and left target). The categorical factors for the combination of the main factors are the 4 possible combinations of arm use and target location provided in the first and second cue. First, we calculated the probability (P value) that the coefficient of each equation equaled zero. We calculated P values for each 10-ms time point (i.e., for each bin) by creating an algorithm that was executed with commercially available software (MATLAB 6.5, The MathWorks, Natick, MA). We took P Ͻ 0.01 to be statistically significant. Thereafter, we calculated the sum of squares (SS) between groups and divided this value by the total SS to obtain the SS ratio. These SS values were obtained from ANOVA tables by creating an algorithm that was executed with commercial software (MATLAB 6.5). The SS ratio was analyzed for each 10-ms bin of data. The larger the SS ratio, the better the firing rate index equation (above) represented neuronal activity. Based on the analysis of probability and the SS ratio, we classified the neurons into 4 categories according to whether instantaneous activity was best and significantly represented by 1) the first cue, 2) the second cue, or 3) the combination of information in both cues, or whether 4) none of the regression coefficients was significantly different from zero. This classification was carried out for data in every 10-ms bin.
LINEAR MODEL ANALYSIS OF ACTIVITY THAT FOLLOWED THE AP-PEARANCE OF THE SECOND CUE. For the neuronal activity recorded after the presentation of the second cue, we quantified the extent to which the activity represented selectivity for the second cue or the combination of the first and second cues. We used the following linear model to carry out an ANOVA
In Eq. 4, the firing rate index is the square root-transformed firing rate during the second delay period, ␤ 0 is the intercept, and ␤ 1 and ␤ 2 are coefficients. The categorical factors for the second cue (CUE2) are the 4 instructions given by the second cue (right arm, right target, left arm, and left target). The categorical factors for the combination of both the first and second cues (COMBINATION) are the 4 possible combinations of the 2 instructions for arm use and target location. We classified neurons into the following 4 groups after calculating the probability that coefficients ␤ 1 and ␤ 2 were zero: 1) selective for the combination only (P ␤1ϭ0 Ն 0.01 and P ␤2ϭ0 Ͻ 0.01); 2) selective for the second cue only (P ␤1ϭ0 Ͻ 0.01 and P ␤2ϭ0 Ն 0.01); 3) selective for both the second cue and the combination (P ␤1ϭ0 Ͻ 0.01 and P ␤2ϭ0 Ͻ 0.01); and 4) nonselective (P ␤1ϭ0 Ն 0.01 and P ␤2ϭ0 Ն 0.01).
Quantification of selectivity for arm use and target location
To examine the extent to which individual neurons exhibited selectivity for the location of the target or for which arm to use during the set cue and movement periods, we used a multiple regression analysis based on the following model
Target location and arm use could be either left or right. The default values of the variables for right and left in Eq. 5 were 0 and 1, respectively. We calculated the values of slopes ␤ 1 and ␤ 2 by dividing the difference in activity in spikes/s by the dimensionless initial variable values (1 and 0) to assess selectivity for target location and arm use, respectively. Selectivity for the left target was greater if ␤ 1 Ͼ0, whereas selectivity was greater for the left arm if ␤ 2 Ͼ0. A merit of this analysis was that we could measure selectivity using the dimension of firing rate (spikes/s).
R E S U L T S
Sampling of neuronal activity in the rostral cingulate motor area
Before collecting data, we first mapped the somatotopic organization of the medial motor areas, including the SMA, pre-SMA, and CMA. For this purpose, we systematically examined the effects of intracortical microstimulation (ICMS; 11-44 pulses, 200 s wide at 333 Hz, current ϭ 5-50 A) and studied neuronal responses to somatosensory stimuli applied by the experimenter Matsuzaka et al. 1992; Mitz and Wise 1987) . We used the same electrodes for the ICMS as for unit recordings. In the banks of the cingulate sulcus extending 5 mm rostral to the border between the SMA and pre-SMA, arm movements were evoked with ICMS; caudal to this, hindlimb movements were evoked (He et al. 1995) . At the vicinity of the movement-evoked sites, we observed neuronal responses to somatosensory stimuli applied by the experimenter: responses to manipulation of joints in the forelimb or cutaneous responses to brushing the hairy skin in the forelimb.
We recorded neuronal activity Յ7 mm rostral from the caudal end of the forelimb representation area of the rostral cingulate motor area (CMAr; Fig. 1, B and C) . The most rostral recording sites corresponded to the location of anterior end of the genu of the corpus callosum. In this study, we included both banks of the cingulate sulcus (as shown in Fig. 1C ) as the CMAr. The CMAr in our study thus included area 24c and area 6c (Dum and Strick 1991; Matelli et al. 1991; Shima et al. 1991; Vogt and Vogt 1919) . Because we did not find obvious differences in response properties of neurons within the CMAr, we combined the data obtained in the dorsal and ventral banks of the cingulate sulcus and its fundus region.
We recorded a total of 280 task-related neurons within the CMAr of the right hemisphere of 2 monkeys (100 and 180 neurons in Monkeys 1 and 2, respectively; Fig. 1, B and C) . The success rate for the behavioral task during recording was Ͼ96% for both monkeys. A majority of the task-related neurons was located within the dorsal bank of the cingulate sulcus and the fundus region of the same sulcus ( Fig. 1D, n ϭ 256) , where the activity of nearly one third of the CMAr neurons that we encountered and monitored on-line was task related. We found task-related neurons less frequently within the medial portion of the ventral bank of the cingulate sulcus ( Fig. 1D , n ϭ 24), where the activity of one tenth of monitored neurons was task related.
Changes in neuronal activity throughout the behavioral task
To study the time course of general changes in neuronal activity, we analyzed how many CMAr neurons exhibited a change in activity during each of the 10 periods of the behavioral task (see METHODS for definitions of each period). For each task period, we applied a paired t-test for each of the 8 sequences of the first and second cues (paired t-test, ␣ ϭ 0.05, corrected for 8 repeated analyses) compared with the control period. The results are summarized in Fig. 2 . The thick line shows that, in general, the number of neurons exhibiting changes in activity increased consecutively from the beginning to the end of the task periods. The fraction of task-related 2. Time course of changes in neuronal activity within the CMAr during the 10 periods of the behavioral task. Thick line indicates the fraction of neurons that exhibited a significant increase or decrease in activity compared with the control period. Thin solid and dotted lines represent the fractions of neurons that exhibited a significant increase or decrease in activity compared with the control period, respectively. Note that an individual neuron could exhibit an increase in activity during one trial and a decrease in activity during another trial, i.e., the sum of the fractions could exceed the total number of neurons. Gray areas indicate task periods during which visual cues were presented (from left to right: first, second, and set cue). Numbers at the top are the actual numbers of neurons that exhibited a significant change in activity. neurons was 24% at the time of the appearance of the first cue, increased to 45% on the presentation of Cue 2, and increased subsequently during the set-cue period to 63% at the time of movement onset. This time course of neuronal activity within the CMAr was different from time courses reported previously for neurons within the SMA and pre-SMA (Hoshi and Tanji 2004b) .
Activity in anticipation of the appearance of the cue
Before the appearance of the first cue (i.e., during the precue period), 13% (n ϭ 39) of neurons exhibited a significant change in activity compared with the control period (Fig. 2) . It is likely that the anticipatory activity reflected behavioral rules and/or specific expectations for the appearance of instructions related to target location or arm use because both sets of instructions (for arm use and target location) were presented in a fixed order within each block of 20 trials. To examine this possibility, we applied a 2-sample t-test for activity within the precue period (factor: order of instructions). Of the 39 neurons that exhibited anticipatory activity, none exhibited a significant difference in activity in response to each type of instruction (t-test, ␣ ϭ 0.01). Even when the ␣ level was set at 0.05, only 7 neurons approached the significance level (with a median difference of 3.9 spikes/s). These results indicated that behavioral rules or specific expectations of forthcoming cues were represented only minimally within the CMAr.
Activity after the first cue
After the appearance of the first cue, many CMAr neurons exhibited significant changes in activity compared with the control period (Fig. 2) ; specifically, 24% (n ϭ 68) during the first cue period, 35% (n ϭ 99) during the early delay period, and 40% (n ϭ 114) during the late delay period. During this first phase, 143 neurons exhibited either an increase or a decrease in activity compared with the activity of the same cells during the control period. For most of these neurons (96%), modulation of activity also occurred during the other task phases, as in the example shown in Fig. 3 . In total, the activity of 35, 122, 113, and 97 of these neurons was modulated during the precue, second cue and delay, set cue, and movement phase, respectively. The activity of the remaining 6 neurons (4%) was modulated exclusively during the first phase of the task.
An important question was whether the changes in activity reflected specific information provided by the first cue with respect to the spatial position of the white square or the type of instruction (i.e., which arm to use or the location of the target) that was indicated by the first cue. Selectivity for cue position or cue instruction has been reported to be abundant within the pre-SMA (Hoshi and Tanji 2004b) .
To analyze systematically how information provided by the first cue was represented by the activity of CMAr neurons, we examined neuronal activity by means of a 2-way ANOVA (␣ ϭ 0.01) with the type of instruction (arm use or target location) and the position of the cue (left or right) as categorical factors. The activity during each of the 3 task periods (first cue, early delay, and late delay periods) was analyzed separately. We analyzed neurons for which activity changed significantly compared with the control period (Fig. 2) . The number and proportion of neurons that exhibited significant selectivity for either the position or instruction, or both, are displayed in Fig. 4 (top panels). Most neurons that exhibited a change in activity were not selective for either the position of the cue or the type of instruction (63, 69, and 65% of neurons during first cue, early delay, and late delay periods, respectively). Very few neurons were selective for either the position of the cue or the type of instruction. It is noteworthy that 2/3 of neurons that exhibited a change in activity were not selective for information provided by the first cue. Our data on CMAr neurons can be compared with the data of Hoshi and Tanji (2004b) on pre-SMA neuronal selectivity because both data sets were obtained from the same animals performing the same behavioral task. The pie charts at the bottom of Fig. 4 indicate that more pre-SMA neurons were selective for the cue position or for the instruction than were nonselective. The proportion of neurons that exhibited selectivity during these periods was significantly greater in the pre-SMA than in the CMAr (P Ͻ 0.0001, 2 test). These results suggest that CMAr neurons are much less involved than pre-SMA neurons in specifying visuospatial information or in retrieving specific information provided by the first cue. FIG. 3. Example of visual responses of a CMAr neuron. Raster displays and spike density functions (SDFs) indicate neuronal activity in trials sorted according to 8 task schedules with different orders of presentation of the 2 instructional cues. In the raster displays, each row represents a trial, and each dot represents a discharge from the neuron. SDFs (smoothed by the Gaussian kernel method; ϭ 20 ms; mean Ϯ SE) are presented below the raster display. Ordinate represents the instantaneous firing rate (spikes/s). Raster displays and SDFs are aligned to the onset of the first cue, second cue, set cue, and the GO signal, which were merged at the midpoint of the first delay, second delay, and set-cue period. From left to right: 3 gray areas indicate the presentation of the first cue, second cue, and the set cue. Instruction provided by each cue is indicated above each panel (RA, right arm; LA, left arm; RT, right target; LT, left target). To the right of each panel, activity during the movement period (aligned to the screen touch, OE) is presented. Tic marks on the horizontal axis are placed at 400-ms intervals. This neuron exhibited visual responses to the appearance of the first, second, and set cue.
Responses after the second cue
After the appearance of the second cue, 40% (n ϭ 169) of neurons exhibited a change in activity compared with the control period (Fig. 2) ; specifically, 44% (n ϭ 125), 45% (n ϭ 128), and 42% (n ϭ 118) of the neurons exhibited a change in activity during the presentation of the second cue, early delay period, and late delay period, respectively. Most of the neurons (95%) that exhibited a change in activity also exhibited a change in activity during other task phases (Fig. 3) ; specifically, 20% (n ϭ 35), 72% (n ϭ 122), 82% (n ϭ 139), and 62% (n ϭ 106) of the neurons exhibited a change in activity during the precue, first cue and delay, set cue, and movement phases, respectively. The activity of the remaining 9 neurons (5%) was modulated exclusively during the second phase of the task.
We then examined whether the neuronal responses to the second cue were selective with respect to the instructional information provided by that cue or to the combination of information provided by the first and second cues. We quantitatively analyzed the extent to which neuronal activity in the CMAr represented the second cue or the combination of the first and second cues by using the model in Eq. 4. The results of this analysis are summarized in Fig. 5 (top panels) . Neurons that were significantly selective for the second cue (P ␤1ϭ0 Ͻ 0.01) or both the first and second cues (P ␤2ϭ0 Ͻ 0.01) constituted a small proportion of the population of neurons that exhibited changes in activity. It is remarkable that a vast majority of the second-phase activity was not selective to either the second cue or the combination of the first and second cues (75% of neurons during the early delay and 90% during the late delay period). Such a lack of selectivity is exemplified by the neuron in Fig. 3 . A comparison of these data with data from a previous study on pre-SMA neurons (Hoshi and Tanji 2004b) revealed that neurons that were selective for the combination of the first and second cues were more abundant within the pre-SMA relative to the CMAr (pie charts at the bottom of Fig.  5) . Similarly, more pre-SMA neurons than CMAr neurons exhibited selectivity for the second cue (P Ͻ 0.001, 2 test).
Subsequently, we examined the time course of the development of selectivity for the first cue, the second cue, and the combination of both cues using a regression analysis (see Eqs. 1, 2, and 3). We classified each neuron into one of 4 categories based on whether its activity was significantly and most selective for the first cue, the second cue, or the combination of both cues, or was nonselective, based on the activity of the neuron within each 10-ms bin. We calculated the fraction of neurons assigned to each of the 4 categories repeatedly for successive 10-ms bins. Figure 6 shows a bin-by-bin plot of the fractions of CMAr neurons that were significantly and most selective for the first cue (black trace), the second cue (blue trace), and the combination of both cues (red trace). After the appearance of the first cue, the fraction of neurons that was selective for the first cue increased slightly but remained relatively small (Ͻ10% of the total). After the appearance of the second cue, the fraction of first cue-selective neurons decreased rapidly, whereas the fraction of neurons that was selective for the second cue or the combination of cues increased briefly. Thereafter, this fraction of neurons decreased and remained at about 5%. Remarkably, the selectivity for the combination of cues (red trace) remained low throughout the task periods, despite the fact that the fraction of neurons that exhibited a change in activity within each task period continued to increase along the progress of the task (green dots and line in Fig. 6 ).
Finally, we analyzed the timing of the onset of changes in the activity of CMAr neurons in response to the first and second cues. We defined the onset of selective activity as the time at which the fraction of selective neurons first exceeded 10% of the total population of neurons. The onset of selectivity for the first cue was 320 ms after the appearance of the first cue, and that of the combination selectivity was 350 ms after the appearance of the second cue; however, the onset of selectivity for the second cue was not determined because its fraction never reached 10% of total.
Activity during the set-cue phase
During the set-cue phase, 174 CMAr neurons exhibited a significant change in activity (Fig. 2) . The fraction of neurons in this category increased from the early half to the late half of the set-cue phase and constituted 62% of neurons that exhibited task-related activity. In most cases, the increase or decrease in activity during the set-cue phase was substantial, as can be seen in the example shown in Fig. 7 . Despite the intensity of the change in activity during the set-cue phase, the activity of individual neurons was not influenced by either the first or second cue or the combination of both cues. This was a common trend for the majority of CMAr neurons. As can be seen in Fig. 6 , the fraction of neurons exhibiting activity that was selective for either the first or second cue or the combination of both cues never exceeded 10% during the set-cue phase.
Our previous report revealed that neuronal activity in both the pre-SMA and SMA during the set-cue phase was selective for behavioral factors that characterized forthcoming movements (Hoshi and Tanji 2004b) . Thus it was of interest to investigate the extent to which CMAr activity would reflect such selectivity. To assess the proportion of CMAr neurons that reflected the target to be reached or the arm to be used, we performed a 3-way ANOVA (factors: location of the target, . Time course of neuronal activity within the CMAr that selectively represented the first cue, second cue, or both cues. Bin-by-bin plots of selective activity expressed as the fraction of neurons that were significantly most selective for the first cue (black trace), the second cue (blue trace), and the combination of both the first and second cues (red trace) are shown. Green dots and line indicate the fraction of neurons that exhibited a significant increase or decrease in activity compared with the control period (redrawn from the data in Fig. 2) . To the right of the panel, an additional display shows the same data aligned to the screen touch (OE). Tic marks on the horizontal axis are placed at 800-ms intervals.
FIG. 7. Set-related activity of a CMAr neuron. This neuron was intensely active during the second delay and set-cue periods, regardless of which arm was used or the location of the target. Display format is as in Fig. 3. arm to be used, and order of instructions; ␣ ϭ 0.01) for data from all neurons in which the activity changed significantly during the early or late set-cue period. The results of this analysis are summarized in Fig. 8 (top panels) . Most neurons in which activity changed significantly during the set-cue phase were not selective for target location or arm use; specifically, 87% (n ϭ 117) and 79% (n ϭ 139) of neurons were nonselective during the early and late set-cue period, respectively. Data for the pre-SMA and SMA were incorporated into the middle and bottom panels in Fig. 8 (Hoshi and Tanji 2004b) to compare the proportion of selectivity in these motor areas with data from the CMAr. Neurons that were selective for target location or arm use were significantly less abundant in the CMAr than in the pre-SMA and SMA (P Ͻ 0.0001, 2 test).
In the next step of our analysis, we examined the extent to which individual neurons exhibited selectivity for 1) the location of the target to be reached or 2) the arm to be used by carrying out a multiple regression analysis using Eq. 5. We analyzed neurons that exhibited a significant change in activity compared with the control period ( Fig. 2 ; n ϭ 134 in the early set-cue period, and n ϭ 174 in the late set-cue period). Data from the late set-cue period are presented in Fig. 9, A and B . In both the early and late set-cue periods, the selectivity for target location (slope ␤ 1 ) was not different from the selectivity for arm use (slope ␤ 2 ) (Kolmogorov-Smirnov test; KS ϭ 0.0896, P ϭ 0.6356 for early set-cue period, and KS ϭ 0.0575, P ϭ 0.9291 for late set-cue period). In addition, the slopes for the selectivity for target location and arm use were Ͻ3 spikes/s during both the early and late set-cue period in more that 79% of neurons in which the activity changed significantly during these periods.
Activity during the movement period
The activity of 63% (n ϭ 179) of task-related CMAr neurons changed significantly during the movement period (Fig. 2) . An example of a neuron that exhibited a marked increase in activity during this period is presented in Fig. 10 ; this neuron is typical in that it exhibited modest selectivity with respect to target location or arm use. To systematically analyze how the selectivities for target location and arm use were represented in CMAr neurons, we performed a 3-way ANOVA (factors: target location, arm to be used, and order of instructions; ␣ ϭ 0.01) using the data from movement-related neurons. Of neurons that exhibited a significant change in activity during the movement period 80% were not selective for target location or arm use (top right panel in Fig. 8 ; P Ͼ 0.01 for arm to be used, P Ͼ 0.01 for target location, and P Ͼ 0.01 for the interaction). This is in sharp contrast to the abundance of arm selectivity that exists within the SMA (bottom right panel) . The selectiv- FIG. 8. Arm use and target location selectivity of set-and movement-related activities in the CMAr. Pie charts summarize the proportion of neurons classified into 4 categories using a 3-way ANOVA (factors: arm to be used, target location, and order of the 2 instructional cues). Actual number of neurons in each category is shown next to each segment, and the segments are identified below. Arm use-selective neurons were significantly selective (P Ͻ 0.01) only for the arm use. Target location-selective neurons were significantly selective (P Ͻ 0.01) only for the target location. Neurons classified as both arm use-and target location-selective were significantly selective (P Ͻ 0.01) for both main factors (arm to be used and target location) or for the interaction between the factors. In the middle and bottom panels, data for neurons within the pre-SMA and SMA (Hoshi and Tanji 2004b) are shown in the same format.
ity of pre-SMA and SMA neurons was also significantly more abundant than was the case for CMAr neurons (right panels in Fig. 8 ; P Ͻ 0.0001, 2 test).
In the next step of our analysis, we examined the extent to which individual movement-related neurons exhibited selectivity for 1) the location of the target to be reached or 2) the arm to be used by applying a multiple regression analysis (see Eq. 5) to neuronal activity during the movement period. We analyzed all neurons that exhibited a significant change in activity during the movement period (n ϭ 179; Fig. 2 ). The results of this analysis are presented in Fig. 9C . The selectivities for arm use (slope ␤ 2 ) and target location (slope ␤ 1 ) were not different ( Fig. 9D ; KS ϭ 0.0726, P ϭ 0.7168 by Kolmogorov-Smirnov test). In addition, the slopes for the selectivities for target location and arm use were Ͻ3 spikes/s during the movement period in more than 75% of neurons in which the activity changed significantly during this period.
Activity time-locked to the reward delivery
A drop of liquid reward was delivered 600 ms after the animal touched the correct target with the instructed arm. We found a population of neurons exhibiting activity changes that were time-locked to the delivery of the reward. Twenty-one neurons, which were defined as reward-related, exhibited a peak of activity during a period ranging from 200 ms before to 1,000 ms after the reward delivery. An example of activity of a reward-related neuron is shown in Fig. 11A . The rewardrelated neurons were not included in the analysis of selectivity for parameters of the forelimb movement described above.
We then studied the time course of neuronal activity that had a peak of activity during the set-cue, movement, or reward period with respect to the occurrence of reward. For this Fig. 3. purpose, we examined population activity of neurons whose activity peaked during the set-cue period (N ϭ 65, Fig. 11B ), during the movement period (N ϭ 96, Fig. 11C) , and during the reward period (N ϭ 21, Fig. 11D ) by calculating timevarying spike density function for each population. For either population of set-or movement-related activity, as can be seen in Fig. 11, B and C, the activity time-locked to the reward delivery was not detectable. This was in contrast to the group of neurons categorized as reward related (Fig. 11D ). Thus the activity during set-cue or movement period was not primarily related to the reward delivery or consumption.
Activity profile of individual neurons across task phases
As mentioned earlier, the activity of individual CMAr neurons was often modulated during more than one of the task phases. We therefore quantified the number of task phases during which individual neurons exhibited a significant change in activity (Fig. 12) . We found that the activity of 25% of CMAr neurons increased or decreased during one of the 5 task phases (precue, first phase, second phase, set cue, and movement). For the remainder of the neurons, the activity of individual neurons changed during 2 (25%), 3 (18%), 4 (24%), and 5 (9%) phases.
By contrast, the peak (maximum) or trough (minimum) of the activity of individual neurons was distributed throughout the 5 task phases (Fig. 13A) . To visualize the activity profile of individual neurons more precisely across the entire task phases, we subdivided the task phases into 10 periods and calculated the relative magnitude of activity in each neuron. Figure 13B shows the activity profile of 280 CMAr neurons displayed consecutively by arranging the time of occurrence of the peak (top panel) or trough (bottom panel) from left to right, with the density of dots in each bar indicating the relative magnitude of activity (relative to maximum and minimum values in each neuron). This figure indicates that individual CMAr neurons reflect the occurrence of each of 10 task phases. An example of CMAr neuron with an activity peak in the precue period is shown in Fig. 14. Apparently, such activity signals the upcoming of the 1st signal, with subsequent decrement of activity in successive task phases.
Rostrocaudal distribution of task-related neurons
We sampled neuronal activity of the CMAr in an area 7 mm in the rostrocaudal direction. It was of interest to examine whether task-related neurons had a particular spatial distribution. Therefore we examined the rostrocaudal location of CMAr neurons according to a classification based on the occurrence of the activity peak within each of the 5 task phases. We measured the distance in the rostral direction of recording sites for individual neurons from the most caudal recording site in which we had identified task-related neurons. The results are summarized in Fig. 15 . There was a trend for caudally located neurons to be active during the set-cue or movement phase of the task, whereas rostrally located neurons tended to be active more during the early phases of the task. To assess this trend statistically, we classified the task-related neurons into 2 classes: 1) neurons exhibiting peaks of activity during task phases that preceded the presentation of information about the target to be reached and the arm to be used (i.e., before the second cue; n ϭ 66) and 2) neurons exhibiting peaks of activity during task phases that followed the presentation of information about future movement (i.e., after the second cue; n ϭ 214). Neurons in the former category were located significantly more rostrally than neurons in the latter category (Kolmogorov-Smirnov test, KS ϭ 0.2540, P ϭ 0.0023). Fig. 3. Right panel: inverted triangle indicates the time when the monkey touched the screen, and the gray line represents when the liquid reward was delivered. B: population activity of neurons having an activity peak during the set-cue period (N ϭ 65), displayed with time-varying spike density functions (smoothed by the Gaussian kernel method; ϭ 20 ms). C: population activity of neurons having activity peak during the movement period (N ϭ 96). D: population activity of neurons having activity peak around the reward-delivery period (N ϭ 21). Each bar represents the number of neurons that exhibited a change in activity during 1, 2, 3, 4, or 5 of the whole task phases (i.e., 1: prefirst cue, 2: first cue and delay, 3: second cue and delay, 4: set cue, and 5: movement periods). These data were based on the data presented in Fig. 2 . Actual number of neurons is shown above each bar graph.
D I S C U S S I O N
In the present study, we found that CMAr neurons exhibited profound changes in activity during the preparation and execution of reaching movements. We also identified less-pronounced CMAr activity during the reception of 2 visual cues that provided information about the target to be reached and the arm to be used for reaching the target. These findings suggested that the CMAr was involved in each epoch of the behavioral task. However, CMAr neurons were only modestly selective for the parameters of reaching movements during the preparation and execution phases of the task. Few neurons reflected the spatial position of the visual cue or information provided by the cue (the location of the target to be reached or the arm to be used). This abundance and robustness of task-related neuronal activity within the CMAr with modest selectivity for sensorimotor parameters is strikingly different from the preponderance of selectivity that we identified previously in other areas of the frontal cortex (see following text). Based on these findings, we discuss the functional significance of CMAr neuronal activity in terms of the initiation and regulation of voluntary motor behavior.
Location of task-related neurons in the rostral cingulate motor area
Most task-related neurons were located within the dorsal bank and fundus region of the cingulate sulcus (Fig. 1D) ; few FIG. 14. Precue activity of a CMAr neuron. This neuron was intensely active before the appearance of the first cue. Activity decreased as the cues were presented. Display format is as in Fig. 3. task-related neurons were located within the medial part of the ventral bank of the cingulate sulcus (Fig. 1D ). Previous studies of CMAr activity during a sequential reaching or buttonpressing motor task revealed task-related activity primarily within the dorsal bank of the cingulate sulcus and the adjacent region in the fundus (Procyk et al. 2000; Shima et al. 1991) , rather than in the ventral bank of the cingulate sulcus. By contrast, when reward scheduling was required, task-related neurons were identified within the ventral bank of the cingulate sulcus and within the limbic striatum (Shidara and Richmond 2002; Shidara et al. 1998) . These reports and the findings of the present study suggest that there is functional segregation within the CMAr: the dorsal bank and fundus region appear to be involved in motor behavior, whereas the ventral bank is involved in reward-contingent or motivational participation. This view is consistent with reports showing prominent limbic cortical projections to the cortex in the ventral bank of the sulcus (Morecraft and Van Hoesen 1998) and with an anatomical study that reported region-selective projections of the cingulate banks to the dorsal sensorimotor striatum and the limbic parts of the striatum (Kunishio and Haber 1994 ). Therefore task-related CMAr neurons in the present study appear to reside within sensorimotor pathways rather than in limbic pathways.
We also found regional differences in the manner in which CMAr neurons were involved in the different phases of the behavioral task. Caudally located neurons tended to be active during later task phases, particularly when a forthcoming motor task was instructed (i.e., after the appearance of the second cue in the behavioral task used in the present study). By contrast, neurons in which the activity peaked during the presentation of the first cue or during the first delay period tended to be located more rostrally. Although these trends for regional selectivity were only partial, this finding is consistent with the hypothesis that the caudal CMAr participates more in processes that are contingent on the initiation or execution of movement, whereas the rostral CMAr may be involved more in receiving sensory instructions. This concurs with anatomical reports that neurons that project to the spinal cord and primary motor cortex are located mainly within the caudal part of the CMAr (Dum and Strick 1991; He et al. 1995; Shima et al. 1991) .
Modest selectivity for visual instruction cues and for planning and executing actions
Although many CMAr neurons exhibited a robust change in activity during each phase of the behavioral task, it was remarkable that the neuronal activity was only modestly selective for any of the relevant behavioral factors. First, the changes in the neuronal activity in anticipation of the presentation of visual instruction cues were weakly selective for forthcoming cues or behavioral rules. Second, only a small portion of the neuronal responses to the 2 instruction cues was selective with respect to what was displayed or instructed. Finally, during motor planning and execution, few CMAr neurons were selective for the location of the target to be reached or the arm to be used.
The modest representation of spatial features of visual signals that we identified accords with the results of 2 previous studies (Akkal et al. 2002; Isomura et al. 2003) , which revealed little selectivity of CMAr neurons for the locations of cues, and with a study showing that lesions of the cingulate cortex did not affect spatial memory (Murray et al. 1989) . Further, a recent study showed that neurons in the anterior cingulate cortex generally had longer latency for representing specific information inherited by the cues than the orbital and ventral prefrontal cortex (Xiang and Brown 2004) . All of these results suggest that the anterior cingulate cortex (area 24) is not profoundly involved in the process of extracting specific information from visual signals. This view is consistent with the fact that sensory and limbic inputs to the dorsal area 24 chiefly come indirectly through areas 23 or 24ab (Morecraft and Van Hoesen 1998; Morecraft et al. 2004; Van Hoesen et al. 1993; Vogt and Pandya 1987; Vogt et al. 1992) .
A striking feature of the present study was the paucity of selective activity that reflected information instructed by the 2 cues. This lack of selective behavior is in sharp contrast to the wealth of information represented within the dorsal premotor cortex (Hoshi and Tanji 2000) , the dorsal part of dorsolateral prefrontal cortex (Hoshi and Tanji 2004a) , and the pre-SMA (Hoshi and Tanji 2004b) . As for the modest representation of motor parameters, 2 previous reports (Akkal et al. 2002; Procyk et al. 2000) also described relatively modest representation of the direction or location of a target to be reached. A novel finding of the present study was that most CMAr neurons exhibited similar activity regardless of whether the monkeys planned to use the right or left arm to reach the target. Such effecter-independent activity was also apparent during the execution of movement. Therefore the results of the present study and those of previous reports reveal that there is relatively modest parametric representation of actions within the CMAr. Such a modest representation of movement parameters also occurs within the claustrum, where 70% of movementrelated neurons in the dorsal claustrum were reported to be nonselective for 3 different movements (pushing, pulling, or turning a manipulandum; Shima et al. 1996) . The claustrum (Sherk 1986 Histograms summarize the spatial distribution of the numbers of neurons in 5 categories classified according to activity peaks during individual task phases. Task phase during which activity peaked is indicated above each histogram. Horizontal axis represents the distance in the rostral direction (mm) measured from the most caudal point at which task-related neurons were located. 1993) have reciprocal anatomical connections with widespread areas. This raises an intriguing possibility that an area that possesses highly converging inputs represents visuomotor parameters with less parametric selectivity, instead of representing varieties of specific information.
Monitoring of task events within the rostral cingulate motor area
What is the function of CMAr activity if selectivity for visual instructions and planned actions is modest? One possibility is that the CMAr signals the occurrence of the entire behavioral event to monitor the progress of a series of task phases. The successful completion of the behavioral task in the present study required the perception of visual signals, retrieval of necessary information, retention of this information, integration of 2 types of information, and the planning and execution of an action; therefore it is conceivable that an executive element was required to keep track of the multiple phases of the task. To this end, the existence of a neural structure that registers the occurrence of each behavioral epoch to monitor the progress of the phases of the task would be useful. Indeed, our findings are consistent with the notion that CMAr neurons can report the occurrence of a specific task event and might collectively monitor the progress of individual phases of the behavioral task.
The aforementioned view of the role of CMAr in regulating the task sequence by monitoring behavior is in line with previous reports that the CMAr represents the temporal relationship of multiple task events. For instance, CMAr neurons were reported to reflect the rank order of movements in serial reaching tasks (Akkal et al. 2002; Procyk et al. 2000) . By contrast, CMAr neurons have been reported to reflect the proximity to a reward that was given at the end of a multistep task (Shidara and Richmond 2002) . Rank order-or serial position-selective neuronal activity has been reported for other cortical areas, including the pre-SMA (Clower and Alexander 1998; Isoda and Tanji 2004; Shima and Tanji 2000) , the lateral prefrontal cortex (Averbeck et al. 2003; Fujii and Graybiel 2003; Hasegawa et al. 2004; Ninokura et al. 2004) , and the superior parietal lobule (Sawamura et al. 2002) . Both the pre-SMA and lateral prefrontal cortex are directly connected to the CMAr, and the superior parietal lobule is connected to area 23c, which has strong connections with the CMAr (Morecraft et al. 2004) . The extensive convergence of information from other brain areas would appear to be useful for monitoring the task progress or for deciphering the relational time structure of task events because events that signal transitions between individual phases of a task are often signaled by multiple sensory modalities or the subject's own actions. It is also conceivable that the monitoring of task events is an important prerequisite for conflict monitoring or error detection. We propose that task monitoring provides the basis for a more sophisticated use of signals within the CMAr, which has been reported for human subjects (Carter et al. 1998; Corbetta et al. 1991; Gehring and Knight 2000; Ridderinkhof et al. 2004; Rushworth et al. 2004; Turken and Swick 1999) . Recent reports suggested that error detection or conflict monitoring under certain behavioral conditions may not lead to detectable activity in the anterior cingulate (Nakamura et al. 2005; Walton et al. 2004) , and additional aspects such as combination of decision and assessment of its result are important (Jueptner et al. 1997; Walton et al. 2004) . In future neurophysiological studies of the anterior cingulate cortex, these factors should be incorporated when designing experiments.
From general intention for action to specific intention
It is remarkable in our study that, although CMAr neurons were most active during the planning and execution of instructed actions, neuronal activity was only modestly selective for either the target location or the arm to be used. What is the functional significance of this nonselective activity toward the initiation of action? Some clues to the answer to this question come from studies of the effects of lesions of the rostral cingulate cortex. Monkeys with lesions in the anterior cingulate cortex exhibit deficits in initiating movements in the absence of external instructions (Chen et al. 1995; Thaler et al. 1995) . Further, Walton et al. (2002 Walton et al. ( , 2003 reported that the most profound effect of cingulate lesions of rats was an impairment in initiating an effort-demanding action. These results suggest that, without the participation of the rostral cingulate cortex, subjects have difficulty in initiating voluntary movements unaided by external instructions or in initiating actions requiring self-augmented intention, raising a possibility that the rostral cingulate cortex is required to generate the intention to move.
Measurements of the metabolic activity of the human brain revealed 2 activation foci within the dorsal tier of the cingulate cortex in subjects that were executing manual movements (Paus et al. 1993) . The rostral focus of humans is anatomically analogous to the CMAr of monkeys, which suggests that the CMAr is common to both species (Paus 2001; Strick 1996, 2001) . By comparing the activation between self-initiated and visually triggered movements, the activity of the rostral cingulate cortex appeared to be greater during self-initiated movements (Deiber et al. 1999) . The long-lead neuronal activity before self-triggered movements that was identified previously in the CMAr of monkeys (Shima et al. 1991 ) may explain this observation in humans. Indeed, in the present study, we also found prominent buildup of neuronal activity during a period when a selected movement was being prepared. Two additional studies on human subjects are worth mentioning here. Subdural microstimulation of the human SMA or pre-SMA evoked a sensation of "urge to move" (Fried et al. 1991) . A recent functional MRI study found activation of the pre-SMA in relation to "free selection of action" (Lau et al. 2004 ). These reports, together with a fact that both SMA and pre-SMA receive inputs commonly from the CMAr (Luppino et al. 1993; Wang et al. 2001) , further support a notion that CMAr is a potential source of intention. Isomura et al. (2003) reported that activity of nearly 25% of CMAr neurons reflected animal's behavioral responses of GO/ NO-GO. Matsumoto et al. (2003) also found that 22-35% of neurons in the medial prefrontal cortex (located rostral to the CMAr) reflected particular responses (GO/NO-GO) or combinations of responses and reward expectations. At first glance, these results may seem to be at variance with our observation of modest selectivity. However, these previous reports can be viewed as demonstrating that CMAr neurons reflect whether an action should be made (i.e., selection of GO or NO-GO). In that sense, their findings are in line with our hypothesis that CMAr has a role in regulating general intention to initiate an action.
It is important to note that neuronal activity in the posterior parietal cortex reflecting the intention to move the arm or eyes has been reported (Andersen and Buneo 2002; Calton et al. 2002; Dickinson et al. 2003; Snyder et al. 1997 Snyder et al. , 1998 . However, the activity of parietal neurons differed according to the effector (the eyes or arm) that was selected to acquire the target. In addition, intention-selective activity was also often selective for the spatial position of the target or the direction of movement. This is in sharp contrast to our observation of the modest selectivity of CMAr neurons for the same parameters. Therefore we propose that nonselective activity within the CMAr during the planning and execution of actions represents a "general intention" to move, whereas the activity within the parietal lobe represents a "specific intention" to move. The parietal cortex may be involved in converting the general intention into a specific intention to achieve a specific goal of action. We should point out, however, that the parietal cortex requires the participation of other structures to elaborate specific aspects of motor intentions. Our previous reports of the activities of neurons within the dorsolateral prefrontal cortex (Hoshi and Tanji 2004a) , premotor cortex Tanji 2000, 2002) , SMA, and pre-SMA (Hoshi and Tanji 2004b) provide ample evidence for the contribution of such cortical areas in signaling specific aspects of intended actions. In addition, neurons in the caudal part of the CMA (CMAc, or CMAd and CMAv) are found to represent ample somatomotor information comparable to neurons in the supplementary motor area (Cadoret and Smith 1997; Crutcher et al. 2004; Russo et al. 2002) . Because CMAc and CMAr are interconnected (Hatanaka et al. 2003; Morecraft and Van Hoesen 1998) , this pathway may be of use in converting general intention into specific action.
Representation of reward and error within the rostral cingulate motor area
Recent reports have accumulated evidence for the involvement of the CMAr in motor control based on reward and error. For example, it was reported that CMAr neurons were involved in voluntary movement selection based on the amount of reward; CMAr neurons were active during a strategic moment when subjects were switching from one movement to another by detecting a reduction in the amount of reward (Shima and Tanji 1998; Williams et al. 2004) . It was also reported that rostral cingulate neurons discriminated aversive signals from signals that predicted a reward (Nishijo et al. 1997) , and CMAr neurons reflected an expectancy for and the schedule of the reward (Shidara and Richmond 2002) , in addition to the occurrence of reward delivery itself (Akkal et al. 2002) . Rostral cingulate neurons were also reported to signal occurrences of errors (Gemba et al. 1986; Ito et al. 2003; Niki and Watanabe 1979) , and neurons in the medial prefrontal cortex rostral to the CMAr represented specific combinations of signals that instructed GO/NO-GO responses and reward/nonreward situations (Matsumoto et al. 2003) . Measurements of the metabolic activity in the dorsal anterior cingulate cortex (dACC) of humans also revealed that the dACC was activated during reward-based response selection (Bush et al. 2002) . Further, activity in the human anterior cingulate cortex was shown to be greater when reward/error occurrence on a given trial determined action selection on the next trial ). On the other hand, it was reported that the chemical inactivation of the CMAr (Shima and Tanji 1998) or the surgical ablation of the rostral cingulate cortex Rushworth et al. 2003 ) rendered subjects incapable of selecting a correct motor response based on reward and error. Collectively, these reports suggest that the CMAr and the rostral cingulate cortex are involved in the process of converting reward value into action. As the behavioral task used in the present study did not require motor selection based on reward and error processing, we did not expect to observe neuronal activity reflecting such aspect of behavioral control. Although we did find activity detecting the occurrence of reward as shown in Fig. 11 , A and D, such activity was observed in a small number of neurons (N ϭ 21). This interesting finding might have reflected the static nature of the reward condition with a stable behavioral performance characterized by a low rate of error (Ͻ4% in the present study). An alternative explanation could be that, because of the overpractice and automaticity of the task performance, the detection of reward occurrence by the anterior cingulate cortex might not have been required (Killcross and Coutureau 2003) .
Possible limitations for interpreting present results
Because of the nature of the behavioral task with high degree of demand, it took 1 yr to train the monkeys for reliable and stable task performance. Thereafter, 1 yr was spent for recording from premotor and prefrontal cortex in the left hemisphere, before starting CMAr recording. Thus there is a possibility that the task might have come to be performed in a highly routinized way as a result of overpractice, and thus we cannot rule out a possibility that such overpractice might have caused alterations of activity property in higher-order motor areas (Aizawa et al. 1991; Carmena et al. 2003; Taylor et al. 2002) , including the CMAr. On the other hand, during 1 yr of recording from medial motor areas, we did not detect any alterations in the selectivity of neuronal responses to the 1st or 2nd instruction cues, or in instruction-selective or movementselective activities in the SMA, pre-SMA, or CMAr. We confirmed this point by comparing neuronal activity sampled during the earlier half of data recording with activity during the latter half of recording, in each of the 3 areas. We took 2 measures for this comparison: 1) the fraction of neurons classified according to their selectivity during task phases of cue 1, cue 2, motor set, and movement (Fisher's exact test for count data, P Ͼ 0.05); and 2) the dynamic range of activity defined as the difference of discharge rates of individual neurons during the task period exhibiting a peak of activity and a trough of activity (see Fig. 13 , 2-sample t-test, P Ͼ 0.05). These findings rule out a possibility that any part of these medial motor areas was substantially damaged by electrode penetrations.
In conclusion, the CMAr can be seen as a nodal area within the caudal part of the anterior cingulate cortex within which sensory, cognitive, or limbic information is converted into information that is required to perform actions. We propose that, on one hand, the CMAr monitors the occurrence of behavioral events to track temporal structures that participate in complex behavioral sequences. On the other hand, the CMAr participates in generating a general intention for action by gathering visuomotor, cognitive, and motivational or emotional information that originates within the frontal and parietal association areas, as well as within limbic areas. This general intention for action within CMAr would appear to be transformed into a specific intention for action on transmission to the premotor and parietal areas, which is followed by elaboration into actual motor components by pathways from the CMAr/premotor areas to the primary motor cortex and spinal cord.
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